We report on the characteristics of localized surface plasmon (LSP)-enhanced near-ultraviolet light-emitting diodes (NUV-LEDs) fabricated by using colloidal silver (Ag) nanoparticles (NPs). Colloidal Ag NPs were deposited on the 20 nm thick p-GaN spacer layer using a spray process. The optical output power of NUV-LEDs with colloidal Ag NPs was increased by 48.7% at 20 mA compared with NUV-LEDs without colloidal Ag NPs. The enhancement was attributed to increased internal quantum efficiency caused by the resonance coupling between excitons in the multiple quantum wells and the LSPs in the Ag NPs.
Introduction
Near-ultraviolet (NUV) light-emitting diodes (LEDs) have found many applications in the areas of bio-chemical sensors, medical devices, fake bill detection, and pumping sources for white LEDs [1] [2] [3] [4] [5] [6] . However, the near-ultraviolet light-emitting diodes (NUV-LEDs) show relatively lower internal quantum efficiency (IQE) compared with blue LEDs due to the low indium composition of InGaN quantum wells (QWs) [7] . Many research groups have increased the IQE of LEDs by improving the crystal quality of the GaN-based epilayer [8] [9] [10] [11] [12] . Recently, the effect of surface plasmon (SP) coupling with excitons in QWs has been proposed as an effective method of IQE enhancement [13, 14] . SPs are collective oscillations of electrons at the interface between a metal and a dielectric material. The spontaneous emission of multiple quantum wells (MQWs) can be increased by resonant coupling between SPs in metal and excitons in MQWs. In recent years, diverse metal structures such as films, grating structures, protrusion arrays, metal disks, and nanoparticles (NPs) have been investigated in the search for efficient resonant coupling between SPs and excitons in the MQWs of LEDs [13] [14] [15] [16] [17] [18] . Among these various metal structures, the metal NPs near MQWs are a very promising structures for localized surface plasmon (LSP)-enhanced high efficiency LEDs in the blue [14, [19] [20] [21] , green [18, [22] [23] [24] , and ultraviolet [25] [26] [27] wavelength regions due to their applicability to various device structure such as lateral, vertical, and flip-chip structures with embedded metal NPs in certain layer. However, it is still required to further control the size distribution and density of metal NPs on LEDs. The precise control of size and density of the metal NPs plays a crucial role in the LSP coupling effect in two aspects. Firstly, the SP resonant wavelength is determined by the size of metal NPs. With increasing the size of metal NPs, the resonant wavelength of LSP is shifted toward longer wavelength [28] , indicating that the resonant wavelength of LSP strongly depends on the size of metal NPs. Therefore, a large efficiency enhancement of LEDs can be obtained if the emission wavelength of MQWs is well matched with the LSP resonant wavelength of metal NPs by precisely controlling the size of metal NPs. Secondly, it is necessary to increase the density of metal NPs for high optical power of LSP-LEDs [29] but it will be difficult to overgrow p-GaN on the Ag NPs to embed Ag NPs in p-GaN layer because the open space between Ag NPs is much reduced on the p-GaN with increasing the density of Ag NPs. To narrow the size distribution of metal NPs, we used the commercially available colloidal Ag NPs with an average diameter of 10 nm (Sigma Aldrich, USA). Among the various solution processes such as spin-coating, drop-casting, and spray process for the uniform deposition of metal NPs, we chose the spray method to avoid the agglomeration of NPs after the post-bake process to remove solvent. In the case of a spin-coating and dropcasting method, the metal NPs in the large size droplet easily agglomerate during evaporation of the residual solvent at post-baking temperature [29, 30] . In the spray method, however, droplets are easily produced for uniform deposition of metal NPs by breaking up the bulk liquids into small droplets [31] . The size of small droplet formed by pneumatic spray apparatus in this study is estimated to be a few tens of micrometer-scale according to the report [31] , and the micrometer-scale droplet contains many Ag NPs because the size of purchased Ag NPs is in nanometer scale and they are dispersed in the solution with 0.02 mg mL −1 of concentration. The spray process has been rapidly developed in recent years due to its attractive advantages including low cost, ease of mass production, and high coating speed on various substrates [31] . Controlling the density of metal NPs plays an important role to obtain the open area for overgrowth of p-GaN layer on the metal NPs to embed the metal NPs in p-GaN. The spray process is also an appropriate method to control the density of metal NPs by changing the distance between nozzle and substrate, flow rate of solution, and concentration of solution. The NP density and the distance between metal NPs on p-GaN were optimized in our previous papers. The optimized surface coverage of metal NPs produced on p-GaN by e-beam evaporation/annealing was in a range of 3-6% for the overgrowth of p-GaN layer [25, 32] . In this study, we employed a spray process to optimize the distance between Ag NPs, surface coverage, and density of Ag NPs on the p-GaN spacer layer by using the pre-synthesized Ag NPs in the solution for a narrow size distribution of Ag NPs. The optical output power of NUVLEDs was greatly increased by the deposition of Ag NPs on the p-GaN layer due to the resonant coupling of excitons with LSP of the Ag NPs. Figure 1 shows the fabrication process of LSP-enhanced NUV-LEDs with colloidal Ag NPs. The NUV-LEDs were grown on c-sapphire (0001) by metalorganic chemical vapor deposition. After the growth of a GaN nucleation layer (25 nm) at 550°C, an un-doped GaN layer (2 μm) and a Sidoped n-GaN layer (2 μm) were grown at 1020°C. Then, five pairs of InGaN/GaN NUV-MQWs consisting of un-doped InGaN QWs (3 nm) and Si-doped GaN barriers (12 nm) were grown at 770°C, followed by a 20 nm thick p-GaN layer grown at 950°C as a spacer layer between the MQWs and the colloidal Ag NPs, as shown in figure 1 (a). It has been reported that the 20 nm is the optimum thickness of GaN spacer layer for LSP-enhanced LEDs [25] . The colloidal Ag NPs were deposited on the p-GaN spacer layer by a spray process, as shown in figure 1(b) . A colloidal Ag NPs solution (1 mL, Ag NP concentration: 0.02 mg mL −1 , Sigma Aldrich) consisting of Ag NPs (diameter: 10 nm), stabilizer (sodium citrate), and aqueous buffer (H 2 O) was sprayed at a pressure of 0.3 MPa using a flow rate of 0.15 mL min −1 . The size of spray nozzle (IWATA air-brush HP-SBP, Japan) is 0.2 mm. The distance between the nozzle of the spray apparatus and the substrate was maintained at 180 mm as shown in figure 1(e). The presynthesized Ag NPs solution was injected into fluid cup and we employed a pneumatic spray nozzle (two-fluid) which uses the pressurized N 2 gas (0.3 MPa) to break up the liquid bulk (colloidal Ag NPs in aqueous solution). A high-velocity gas from pneumatic spray nozzle collides with the liquid bulk, leading to disintegration of the liquid into small droplets by high frictional forces between gas and liquid surface [31] . After the spray process, we rinsed the samples in running DI water for 30 s to remove the stabilizer which prevents the agglomeration of deposited Ag NPs during the evaporation of the solvent. Then, a 20 nm thick p-GaN layer was overgrown on the colloidal Ag NPs at 750°C as a capping layer and then a 160 nm thick p-GaN layer was overgrown at 950°C. Subsequently, the Ag NPs were embedded in a 200 nm thick p-GaN layer. To fabricate LSP-enhanced LEDs, the n-GaN layer was exposed for n-contact layer by an inductively coupled plasma etching process using Cl 2 /CH 4 /H 2 /Ar source gases. Then, a transparent current spreading layer (indium tin oxide, 150 nm), n-and p-contact layer of Cr (50 nm)/Au (150 nm) were deposited on the LED devices (300×300 μm 2 ) using an e-beam evaporator as shown in figure 1(d) .
Experimental details

Results and discussions
Figure 1(f) shows a scanning electron microscope (SEM) image of colloidal NPs on the p-GaN spacer layer after the spray process. The size and density of colloidal Ag NPs are in the range of 9-18 nm and ∼1×10 10 cm −2 , respectively. Reich et al showed that no agglomeration occurred between metal NPs in a distance of 40-140 nm with increasing the annealing temperature up to 390°C and Malyutenko et al showed that the nitrides-based LEDs generally permit high temperature operation up to 200°C at high injection current of over 100 mA [33, 34] . Therefore, the distance between Ag NPs (50-200 nm) embedded in p-GaN is sufficient to prevent agglomeration of Ag NPs by heat generated during LED operation. Metal NPs formed by electron-beam evaporation and subsequent rapid thermal annealing (RTA) in previous studies have been obtained in a wide range of size, including 35-75 nm [25] , 55-105 nm [32] , 16-86 nm [35] , 100-181 nm [22] , 400-500 nm [14] , 17-154 nm [27] , and 25-191 nm [23] , depending on the film thickness and annealing temperature. The large full width of half maximum (FWHM) of the absorbance peak of such metal NPs is due to the typically large size distribution of metal NPs [35] [36] [37] . In contrast, the present colloidal Ag NPs have a narrow size distribution and the sharp SP peak of Ag NPs is expected to match the MQWs emission peak and therefore result in a stronger SP-coupling effect in the LSPs-enhanced LEDs. Figure 2(a) shows the absorbance spectrum of the colloidal Ag NPs embedded in p-GaN layer as a function of wavelength. As shown in the absorbance spectrum, the main absorbance peak at 397 nm of the colloidal Ag NPs embedded in the p-GaN layer is close to the 403 nm emission wavelength of the NUV-LEDs. The FWHM of the absorbance peak of the colloidal Ag NPs (∼43 nm) is smaller than those of Ag NPs produced by e-beam and RTA process (∼56 nm [25] , ∼88 nm [30] , ∼110 nm [14] , and over ∼100 nm [22, 27, 38, 39] ).
Figure 2(b) shows the photoluminescence (PL) spectra of NUV-LEDs with and without colloidal Ag NPs at 300 K and 10 K, respectively. The IQE of the NUV-LEDs is calculated by comparing the integrated PL intensities, assuming that the IQE is 100% at 10 K [13] . The IQEs of NUV-LEDs with and without colloidal Ag NPs are estimated to be 25.1% and 19.0%, respectively. This means that the IQE of the NUVLEDs with colloidal Ag NPs was increased by 34.9% compared to that of the NUV-LED without colloidal Ag NPs. Therefore, a strong LSP resonant coupling effect is expected when the SP characteristic wavelength of the colloidal Ag NPs is matched with the emission wavelength of the excitons in the MQWs of the NUV-LEDs. Figure 3(a) shows the time-resolved PL (TR-PL) spectra of NUV-LEDs with and without colloidal Ag NPs. The light source is a 710 nm wavelength Ti:sapphire laser (Spectra Physics, Santa Clara, United States) operated with 100 fs pulse width and a repetition rate of 80 MHz, which is further reduced to 4.44 MHz using a pulse picker to obtain a temporal window as long as 200 ns. The frequency of the laser beam is doubled to 355 nm using a β-BaB 2 O 4 (BBO) crystal. To obtain PL decay curves, a 30 cm monochromator dispersed the collected PL and a streak scope (Hamamatsu, Japan) detected it. The TR-PL measurements were performed at a low temperature of 10 K to exclude non-radiative recombination process that contends with the LSPs coupling. The PL decay can be shown as following double exponential decay equation.
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where x is time, A 1 and A 2 are the normalization constants, and τ 1 and τ 2 are decay lifetimes. To investigate the resonant coupling between excitons in the MQWs and the LSPs of the colloidal Ag NPs, the decay curve is fitted by a double exponential decay model as shown in figure 3(a) . The fast decay region (τ 1 : blue dash circle in figure 3(a) ) indicates the fast exciton recombination process, while the slow decay region (τ 2 ) shows the localized carriers recombination process [40, 41] . The fast PL decay time (τ 1 ) which corresponds to fast exciton recombination of NUV-LEDs with and without colloidal Ag NPs is 3.62 ns and 4.15 ns, and the slow PL decay time (τ 2 ) which corresponds to the localized carrier recombination of NUV-LEDs with and without colloidal Ag NPs is 33.55 ns and 40.28 ns, respectively, as shown in figure 3 . Figure 3 (b) shows fast region of decay curves fitted by double exponential decay model (blue dash circle in figure 3(a) ). The decreases in decay times indicate that the spontaneous emission of NUV-LEDs with colloidal Ag NPs can be increased by LSPs via a new recombination channel [14, [40] [41] [42] . .1% at 100 mA, respectively, compared with those of the NUV-LEDs without colloidal Ag NPs. In our previous study, the Ag NPs were produced on the p-GaN spacer layer by e-beam evaporation and the annealing process. The diameter and density of Ag NPs were in the range of 35-75 nm and 2×10 9 cm −2 , respectively. The LSP peak of this sample and the emission peak of NUV-LED were 439 nm and 406 nm, respectively and the wavelength difference between LSP and MQWs emission wavelength was 33 nm. The optical output power of NUV-LEDs with Ag NPs by e-beam/RTA process was enhanced by 20.1% at 20 mA compared with that of the NUV-LEDs without Ag NPs [25] . Compared to this result, the optical output power of NUV-LEDs with colloidal Ag NPs deposited by spray process was much higher because the wavelength difference between LSP and MQWs emission wavelength is only 6 nm. The calculation of surface coverage showed that the coverages of both Ag NPs formed by e-beam/RTA (6.4%) and colloidal Ag NPs deposited by spray process (6.9%) are very close. This comparison shows that the enhancement of optical output power of NUV-LED with colloidal Ag NPs deposited by spray process is superior to the NUV-LED with Ag NPs by e-beam/RTA process because the size of Ag NPs can be properly controlled for the efficient LSP-exciton coupling with colloidal Ag NPs deposited by spray process. This study shows that the large enhancement in optical output power is attributed mainly to an increase of the spontaneous emission rate in MQWs by resonant coupling between the excitons in the MQWs and the LSPs in the colloidal Ag NPs.
Conclusions
In conclusion, we have demonstrated LSP-enhanced NUVLEDs by depositing synthesized colloidal Ag NPs with a narrow size distribution (∼9 nm). A colloidal Ag NPs was deposited on the 20 nm thick p-GaN spacer layer using a spray process to control the optimized the distance between Ag NPs (50-200 nm), surface coverage (∼6%), and density of Ag NPs (∼1×10 10 cm −2 ). The IQE of the LSP-enhanced NUV-LEDs was increased by 34.9% than that of NUV-LEDs without colloidal Ag NPs. TR-PL measurements showed the fast PL decay time is decreased in LSP-enhanced NUV-LEDs compared with NUV-LEDs without colloidal Ag NPs, indicating that the IQE is increased by resonant coupling between the excitons of the MQWs and the LSPs of the colloidal Ag NPs embedded in the p-GaN layer. The optical output power of the LSP-enhanced NUV-LEDs was higher by 48.7% at an injection current of 20 mA than that of NUV-LEDs without colloidal Ag NPs. 
